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Fig. 2. Methylation-sensitive Southern blots and microsatellite analysis of BWS-s043, and electrophoretic mobility shift assay (EMSA) for
2,023,018C>T. (a) Methylation-sensitive Sothern blots of ICR1 and ICR2. Methylation indices [MI, %] are shown below each lane. MI was
calculated using the equation M /(M + U) x 100, where M is the intensity of the methylated band and U is the intensity of the unmethylated band.
m, methylated band; um, unmethylated band. BWS-s043 showed ICR1-GOM, whereas the relatives did not. Methylation statuses of CTS1 and
CTS4 are shown in Fig. S2b,c. Methylation of ICR2 in BWS-s043 was normal. (b) Microsatellite analysis at 11p15.4-p15.5. Ratios of the paternal
allele to the maternal allele in BWS-s043 were approximately 1, indicating no uniparental disomy. Red peaks are molecular markers. (¢) EMSA
using the wild-type (Wt) probe and the mutant (Mut) probe encompassing 2,023,018C>T. The unlabeled Wt probe or Mut probe (x50 or x200
molar excess) was used as a competitor. The arrows and asterisks indicate the protein-DNA complexes (A and B) and supershifted complexes,
respectively. mES NE, nuclear extract from mouse ES cells; OCT4/SOX2 NE, nuclear extract from human HEK293 cells expressing OCT4/SOX2;

Ab, antiboely.

for BWS-s043, were not located at any protein-binding
sites that have been reported as involved in methyla-
tion imprinting (CTCF, OCT, and ZFP57) (3, 4, 10,
12, 16). Furthermore, we did not find any protein-
oligonucleotide complexes in EMSA using mouse ES
nuclear extracts and oligonucleotide probes encompass-
ing all variants, except for BWS-s043 (Fig. S1). There-
fore, we analyzed further three variants in BWS-s043,
which were in and around the OCT-binding site 1.
First, we re-confirmed that BWS-s043 showed GOM
near CTS6 within ICR1, but it did not demonstrate
LOM at ICR2, paternal uniparental disomy of chromo-
some 11, or a CDKNIC mutation (Fig. 2a,b, and data
not shown). The 2,023,018C>T variant was located
in the second octamer motif of OCT-binding site 1
within repeat A2 (Fig. la). The other two variants
were located approximately 450bp on the telomeric
side of the 2,023,018C>T variant, between repeats A2
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and B4 (Fig. la, Table 1). The 2,023,018C>T variant
was absent in other family members, indicating a de
novo variant (Fig. 1a). To clarify if the de novo vari-
ant in the patient occurred on the maternal or paternal
allele, we performed haplotype analysis with PCR cov-
ering all three variants. We found all three variants were
located on the same allele and the 2,023,018C>T vari-
ant occurred de novo on the maternal allele because the
2,022,561-562CT>delCT and 2,022,565G>C variants
were on the maternal allele in the patient (Fig. 1b,c).
Next, we investigated the methylation status of
ICR1. Methylation-sensitive Southern blots and bisul-
fite sequencing showed normal methylation of ICR1
in the parents and the maternal grandmother (Figs 2a
and S2). As for the 2,022,561-562CT>delCT and
the 2,022,565G>C variants, the variant allele was
unmethylated in the mother, but methylated in the
grandmother (Fig. 1d). On the basis of methylation



analysis, the variant allele in the grandmother must have
been transmitted by her father, and that in the mother
must have been transmitted by her mother. The results
indicated that the variant allele could be either methy-
lated or unmethylated during gametogenesis, strongly
suggesting no relation between the variants and ICR1-
GOM. On the other hand, bisulfite sequencing including
the 2,023,018C>T variant revealed that both the vari-
ant and wild-type alleles were heavily methylated in
the patient (Fig. 1e), while differential methylation was
maintained in other family members and normal con-
trols without the variant (Fig. S2a). As the de novo
variant on the maternal allele was located within the
OCT-binding site, which is required for the mainte-
nance of the unmethylated status in a mouse model,
the variant was likely involved in ICR1-GOM (17, 18).

Finally, we performed EMSA to determine if
2,023,018C>T influenced the binding ability of nuclear
protein factors, such as OCT4 and SOX2 (Fig. 2¢). The
wild-type probe formed two complexes (A and B) with
the nuclear extracts of mouse ES cells and HEK293
cells expressing OCT4/SOX2 (lanes 2 and 3), whereas
such complexes were not observed in the mutant probe
(lanes 11 and 12). Complexes A and B competed more
efficiently with wild-type than with the mutant com-
petitor (lanes 4 to 7). Furthermore, complex B, but not
A, was supershifted with the antibody against OCT4
(lane 8). The supershift did not occur with the anti-
body against SOX2 and with both antibodies using the
mutant probe (lanes 9, 13, and 14). These data demon-
strated that 2,023,018C>T abrogated binding ability of
a nuclear factor, most likely OCT4. Taken together, our
data strongly suggest that 2,023,018C>T is a mutation
that could prevent OCT4 binding to the OCT-binding
site and induce ICR1-GOM, leading to BWS.

Discussion

We identified a novel de novo point mutation, chrll:
2,023,018C>T, in OCT-binding site 1 within repeat A2
in a BWS patient with ICR1-GOM. Our data strongly
suggest the involvement of the mutation in GOM at
ICR1. In a mouse cell model, the evolutionarily well-
conserved dyad octamer motif within ICR1, which is
bound by OCT protein, has been shown to be required
for the maintenance of unmethylated status competing
against de novo methylation (17). In addition, the
importance of a SOX motif flanked by an OCT
motif has also been reported (19). Recent studies have
shown that the SOX—~OCT motif functions to maintain
unmethylated status ir vitro and in vivo; a cooperative
function of CTCF and OCT/SOX for maintenance
of differential methylation has been suggested as
responsible (18, 19). Although there is one OCT-
binding site in mice, three evolutionarily conserved
OCT-binding sites (0, 1, 2) are located in and around
ICR1 in humans. As all mutations and the small deletion
previously reported in addition to our case occurred in
site 1 within repeat A2 (Fig. la), site 1 within repeat
A2 likely plays a more important role for maintaining

A novel mutation of the OCT-binding site in BWS

unmethylated status of maternal ICR1 in humans than
the other OCT-binding sites (10, 12, 13).
ICR1-GOM cases, including ours, with muta-
tions/deletions also show partial hypermethylation in
~ spite of pre-existent genetic aberrations in the oocyte
9, 12, 13, 20), suggesting aberrant hypermethylation
at ICR1 would also be stochastically acquired at a
cellular level even in the existence of such aberrations.

As for SRS, including familial cases, the ICR1
mutation has not been found except in one sporadic case
to date (10). We did not find any promising mutations
in this study, suggesting the cause of ICR1 methylation
defects to differ between SRS and BWS.

In conclusion, we identified a novel de novo point
mutation of OCT-binding site 1 within repeat A2,
a location suggested to play an important role for
maintaining the unmethylated status of maternal ICR1
in humans, on the maternal allele in a BWS patient
with ICR1-GOM. However, genetic aberrations of
ICR1 explain only 20% of BWS cases with ICR1-
GOM (10). As aberrant methylation may occur as
a consequence of stochastic events or environmental
influences irrespective of ICR1 mutations, unknown
causes for ICR1 methylation defects should be clarified.

Supporting Information
The following Supporting information is available for this article:

Fig. S1. EMSA for all variants found in this study, except for
those in BWS-047 and BWS-s061, using the nuclear extract from
mouse ES cells. The variant in BWS-s081 was located outside
of ICR1, and a CpG site within the probe sequence was mostly
unmethylated in three normal controls (data not shown). Thus,
an unmethylated probe was used for it. Since the variants in
BWS-5100 and SRS-s03 were located 3’ of CTS6 and found on
the maternal allele, unmethylated probes were used for them.
As for the variant in SRS-002, it was located 5' of CTS1 but
its parental origin was unknown. Thus, both unmethylated and
methylated probes were used for it. There was no difference
between a wt-probe and a variant-probe in each variant except for
the BWS-s043 mutation. A wt-probe for the BWS-s043 mutation
formed two complexes, whereas such complexes were not
observed with a probe for the mutation. These results suggested
that only the BWS-s043 mutation affected the protein—DNA
interaction (see text and Fig. 2c for details). WT, probe for the
wild-type sequence; MUT, probe for the BWS-s043 mutation;
VAR, probe for the variant sequence; um, unmethylated probe; me,
methylated probe; mES NE, nuclear extract from mouse ES cells.
Fig. S2. Bisulfite sequencing of the region encompassing the
2,023,018 variant, CTS1, and CTS4. (a) Results for the 2,023,018
variant. In the healthy members of the BWS-s043 family,
comprised of the maternal grandmother, mother, and father,
showed differential methylation. Three normal controls also
showed differential methylation. In particular, normal control 3
was heterozygous for a SNP (rs61520309) and showed differential
methylation in an allele-dependent manner. Open and filled circles
indicate unmethylated and methylated CpG sites, respectively. (b)
Results for CTS1. Two normal controls that were heterozygous for
a SNP (1s2525885) showed differential methylation. The healthy
family members also showed differential methylation, whereas the
patient, BWS-s043, showed aberrant hypermethylation. CpG sites
within CTS1 are indicated by a short horizontal line. X indicates
T of the SNP (rs2525885). (¢) Results for CTS4. The healthy
family members and two normal controls showed differential
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methylation. Among them, the parents and two normal controls
were heterozygous for a SNP (1s2525883). The patient, BWS-5043,
showed aberrant hypermethylation. CpG sites within CTS4 were
indicated by a short horizontal line. X indicates T of the SNP
(rs2525883).

Table S1. PCR primers and oligonucleotide probes used in this
study.

Additional Supporting information may be found in the online
version of this article.
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Abstract

investigated with DNA polymorphisms.

understanding the development of hepatoblastoma.

Background: Aberrant methylation at imprinted differentially methylated regions (DMRs) in human 11p15.5 has
been reported in many tumors including hepatoblastoma. However, the methylation status of imprinted DMRs in
imprinted loci scattered through the human genome has not been analyzed yet in any tumors.

Methods: The methylation statuses of 33 imprinted DMRs were analyzed in 12 hepatoblastomas and adjacent normal
liver tissue by MALDI-TOF MS and pyrosequencing. Uniparental disomy (UPD) and copy number abnormalities were

Results: Among 33 DMRs analyzed, 18 showed aberrant methylation in at least 1 tumor. There was large deviation
in the incidence of aberrant methylation among the DMRs. KVDMR1 and IGF2-DMRQ were the most frequently
hypomethylated DMRs. INPPSFv2-DMR and RB1-DMR were hypermethylated with high frequencies. Hypomethylation
was observed at certain DMRs not only in tumors but also in a small number of adjacent histologically normal
liver tissue, whereas hypermethylation was observed only in tumor samples. The methylation levels of long
interspersed nuclear element-1 (LINE-1) did not show large differences between tumor tissue and normal liver
controls. Chromosomal abnormalities were also found in some tumors. 11p15.5 and 20q13.3 loci showed the
frequent occurrence of both genetic and epigenetic alterations.

Conclusions: Our analyses revealed tumor-specific aberrant hypermethylation at some imprinted DMRs in 12
hepatoblastomas with additional suggestion for the possibility of hypomethylation prior to tumor development.
Some loci showed both genetic and epigenetic alterations with high frequencies. These findings will aid in

Keywords: Hepatoblastoma, Genomic imprinting, Differentially methylated region, DNA methylation

Background

Hepatoblastoma is the most common primary liver tumor
in children, accounting for just over 1% of pediatric cancers
and 79% of liver cancers in children under the age of 15 [1].
Most of these tumors are purely derived from epithelium
composed exclusively of immature hepatocytic elements,
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known as fetal and embryonal types. The fetal type consists
of smaller than normal hepatocytes that are arranged in
irregular laminae, recapitulating those of the fetal liver.
The embryonal type is comprised of smaller cells as
compared to the fetal type. It has a more immature
appearance and pattern of growth. Some of the tumors,
referred to as mixed type, are characterized by epithelial
patterns and spindled mesenchymal cells. A much rarer
variant of such mixed type tumor harbors teratoid features,
which contains foci of mature cartilage, intestinal-type
or keratinized epithelium, melanin pigment, or skeletal

© 2013 Rumbajan et al, licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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muscle in addition to the elements mentioned above.
To date, several genetic and epigenetic features have
been observed in hepatoblastoma (reviewed in [2]). The
most recurrent cytogenetic abnormalities include the
presence of extra copies of chromosomes 2, 8, 20, and
the loss of chromosome 4. Mutations or upregulation
of the genes involved in embryonic development have
been reported. For example, APC, CTNNBI, AXINI,
and AXIN2 (key factors involved in the Wnt signaling
pathway) are frequently mutated, suggesting that aber-
ration of this pathway occurs as an early event during
tumorigenesis. Mutation of PIK3CA, amplification of
PIK3C2B, and upregulation of hedgehog ligands and
their target genes have also been reported. Epigenetic
silencing by promoter hypermethylation occurs at several
tumor suppressor genes, such as SFRPI, APC, HHIP,
SOCS1, CASPS8, and RASSFIA. In addition, several
imprinted genes, including IGF2, DLKI1, PEG3, PEG10,
MEG3, and NDN, have been reported to be overexpressed
in hepatoblastoma [2].

Imprinted genes are expressed in a parent-of-origin-
specific manner. They are usually clustered in subchro-
mosomal regions called imprinting domains. The human
genome contains more than 30 imprinting domains (http://
www.geneimprint.com). Imprinting domains have at least
one DMR that are characterized by DNA methylation
on one of the two parental alleles. There are maternally
methylated DMRs and paternally methylated DMRs. In
addition, two classes of imprinted DMRs, gametic and
somatic, have been described. Gametic DMRs acquire
methylation during gametogenesis and the methylation
is maintained from zygote to somatic cells during all
the developmental stages. Most gametic DMRs are known
as imprinting control regions (ICRs) that regulate the
imprinted expression of the genes in the domain. By
contrast, methylations of somatic DMRs are established
during early embryogenesis after fertilization under the
control of nearby ICRs [3]. Somatic DMRs also regulate
the expression of the imprinted genes.

Many imprinted genes regulate cell growth and differen-
tiation, and, thus, disruption of imprinting, mainly due
to aberrant DNA methylation at the responsible DMR,
is implicated in pre- and/or post-natal growth disorders
and in the pathogenesis of cancers [4]. For example,
hypermethylation of H19-DMR, which is the ICR of the
IGF2/H19 imprinting domain at the 11p15.5 locus, is a
cause of Beckwith-Wiedemann syndrome (BWS), the
most common overgrowth syndrome characterized by
occasional development of embryonal tumors, including
hepatoblastoma [5]. The hypermethylation leading to
biallelic expression of IGF2 is seen in a range of tumors,
also including hepatoblastoma [6,7]. The LOH of 11p15.5,
especially the loss of the maternal allele, is found in
approximately 20% of hepatoblastoma cases, and it is
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reported to be a risk factor for the relapse of this tumor
[7,8]. Furthermore, several imprinted genes are overex-
pressed in hepatoblastoma as mentioned above. Thus,
it is speculated that aberrant DNA methylation at
imprinted DMRs is a key mechanism during malignant
transformation of progenitor cells in a variety of tissues,
including the liver [2,9]. However, the methylation status
of imprinted DMRSs scattered through the human genome
has yet to be analyzed comprehensively in hepatoblastoma.

In this study, we performed comprehensive methylation
analyses and polymorphism analyses of 33 imprinted DMRs
in hepatoblastoma. We therefore describe some epigenetic
and genetic characteristics of hepatoblastoma. These
findings collectively aid in the understanding of the
development of hepatoblastoma.

Methods

Samples

Twelve hepatoblastomas and their paired adjacent normal
liver tissues were analyzed. Eleven sporadic hepatoblas-
toma samples (HBO1 - HB11) were obtained from the
Department of Pediatric Surgery, Faculty of Medicine,
Kyushu University, Japan. One hepatoblastoma developed
in a BWS patient (BWS109) was obtained from Toho
University, Omori Medical Centre, Japan. Histochemical
analyses of the tumor tissues indicated that the average of
the tumor cell contents was approximately 70%. Ten of
the patients were treated based on the Japanese Study
Group for Pediatric Liver Tumor-2 (JPLT-2) protocol
(HB08 and HB09 were not). Clinical information of the
hepatoblastoma cases is shown in Table 1. Three livers
(CL7, CL16, CBD1) were used as normal controls. CL7 (a
7-year-old who died from spinal muscular atrophy type
I-C with chronic respiratory insufficiency) and CL16 (a
16-year-old who died after head trauma) were provided by
the non-profit organization, Human & Animal Bridging
Research Organization (Chiba, Japan). CBD1 (a 7-month-
old who had congenital biliary dilatation) was obtained
from the Department of Pediatric Surgery, Faculty of
Medicine, Kyushu University. Written informed consents
were obtained from the parents or the guardians of the
participants, because the participants were children or
dead. This study was approved by the Ethical Committee
for Human Genome and Gene Analyses of the Faculty of
Medicine, Saga University.

DNA isolation and bisulphite conversion

Genomic DNA was extracted from each sample using
the QIlAamp DNA Mini Kit (Qiagen, Germany) accord-
ing to the manufacturer’s instructions. One microgram
of genomic DNA was subjected to bisulfite conversion
using the EZ DNA Methylation Kit™ (Zymo Research,
CA), and then the converted DNA was eluted in 100 ul
of water.



Table 1 Clinical information of hepatoblastoma cases

Case Sex/age® Histology PRETEXT Preoperative «:hemotherapyb POSTTEXT Outcome Other information
HBO1 F/1y3m  Combined fetal and embryonal type il CTA4 I Alive

HBO02 F/3y2m  Fetal type® I CTA4 I Aive

HBO3 F/7y11m  Hepatoblastoma (NOS)® Il CITAS 1l Alive Small for gestational age
HBO4 M/1yam  Mixed epithelial and mesenchymal with teratoid feature® [\ CITA4 + ITEC2 % Alive

HBO5 M/1y2m  Mixed epithelial and mesenchymal with teratoid feature i CITAS I Alive

HBO6 M/10m Mixed epithelial and mesenchymal with teratoid feature il CITA4 il Alive

HBO7 M/8m Combined fetal and embryonal type I CITA2 Il Alive

HBO8 F/28d Combined fetal and embryonal type Il Alive

HBO9 M/1y6m  Combined fetal and embryonal type I Treatment related death Small for gestational age
HB10 F/6y6m Fetal type Il CTA2 1l Alive

HB11 F/3m Combined fetal and embryonal type v CITA7 I Treatment related death

BWS109 F/1yOm Hepatoblastoma (NOS)® V. M(+) CTA7 + ITECY [\ Alive Beckwith-Wiedemann syndrome,

liver transplantation at 1 year old

2age at diagnosis, °CITA: cisplatin-pirarubicin, ITEC: Ifosfamide, pirarubicin, etoposide, and carboplatin. The numerals indicate the cycle numbers of the chemotherapy. “difficult to diagnose due to chemotherapy,
dnot otherwise specified.
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MALDI-TOF MS analysis

The methylation status of imprinted DMRs was screened
by MALDI-TOF MS analysis with a MassARRAY system
(Sequenom, CA) [10], according to the manufacturer’s
instructions. MALDI-TOF MS analysis produced signal
pattern pairs indicative of non-methylated and methylated
DNA. Epityper software analysis of the signals yielded the
methylation index which ranged from 0 (no methylation)
to 1 (full methylation) of each CpG unit, which contained
one or more CpG sites measured as one unit in the
MALDI-TOF MS analysis. Aberrant methylation of a CpG
unit was defined as when the difference of methylation
indexes between two samples exceeded 0.15, which was
based on the fact that we have previously found that the
differences of HI19-DMR hypermethylation or KVDMR1
hypomethylation in BWS patients were at least more
than 0.15 (data not shown). Since analyzed DMRs
included several CpG units, aberrant methylation of a
DMR was defined as when more than 60% of total
number of analyzed CpG units showed aberrant
methylation (with the difference exceeding 0.15). We
used CL7 and CBD1 as normal controls in MALDI-
TOF MS analysis.

Pyrosequencing

Pyrosequencing was conducted using QIAGEN PyroMark
Q24 according to the manufacturer’s instruction (Qiagen,
Germany). Some of the primers for DMR analysis were
described by Woodfine et al. [11]. We designed other
primers by using PyroMark Assay Design 2.0 (Qiagen,
Germany). The primers for LINE-1 (GenBank accession
no. X58075) analyses were described by Bollati et al.
[12]. The criterion for MALDI-TOF MS analysis was
also employed to define the aberrant methylation of
each Cp@G site and an analyzed region. We used three
livers, i.e. CL7, CL16, and CBD1, as normal controls in
pyrosequencing. The control livers were analyzed in
triplicate for LINE-1 and once for DMRs.

DNA Polymorphism analysis
LOH, UPD, and copy number abnormalities were investi-
gated with DNA polymorphisms. For quantitative ana-
lyses, tetranucleotide repeat markers near the imprinted
DMRs were amplified and separated by electrophoresis on
an Applied Biosystems 3130 genetic analyzer. Data were
then quantitatively analyzed with GeneMapper software
(Applied Biosystems, CA). The peak height ratios of
two parental alleles were calculated. A single nucleotide
polymorphism (SNP) of KCNQIDN (rs229897) was also
analyzed.

All primers used in this study are shown in Additional
file 1: Table S1.
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Statistical analysis

The methylation statuses of the samples were compared
in three pairs: adjacent normal liver tissue (A) and control
livers (C), denoted as AxC; tumors (T) and control livers,
denoted as TxC; tumors and adjacent normal liver
tissue, denoted as TxA. The binomial distribution test
was performed to compare aberrant hypomethylation and
aberrant hypermethylation within each comparison pair
(AxC, TxC, and TxA). The Chi squared test or Fisher’s
exact test was used for comparison between maternally
methylated and paternally methylated DMRs and between
gametic and somatic DMRs in aberrant hypomethylation
and aberrant hypermethylation cases for each comparison
pair. For LINE-1 methylation, a paired -test was used
to compare tumor and adjacent normal liver tissue, and
an independent t-test (Welch’s t-test) was used for
comparing tumor or adjacent normal liver tissue with
control liver. A p-value less than 0.05 was considered
to be statistically significant. Bonferroni correction was
performed when needed.

Results

Clinical information of hepatoblastoma cases

Clinical information of the 12 hepatoblastoma cases ana-
lyzed in this study are shown in Table 1. Eleven tumors
were sporadic (HBO1-HB11), and one was associated
with BWS (BWS109). The ratio of males to females was
5:7. The mean age at diagnosis was 25.7 months, ranging
from 28 days to 7 years and 11 months. In terms of
histological features, 5 cases had combined fetal and
embryonal types, 3 cases had mixed epithelial and mes-
enchymal features with teratoid features, 2 cases were
fetal types, and 2 cases were hepatoblastomas (not
otherwise specified). Using PRETEXT staging [13], 4
cases were stage II, 5 cases were stage III, and 3 cases
were stage IV. Ten of twelve cases were undergoing
chemotherapy based on the JPLT-2 protocol, but only
two cases (HBO5 and HB11) regressed to a lower stage
after chemotherapy.

Analyses of aberrant methylation and genetic alterations
at imprinted DMRs

We selected 33 regions reported previously as imprinted
DMRs in the human genome [11,14] (refer to http://
www.geneimprint.com/). Our strategy in this study
involved screening the methylation levels of DMRs in
tumors, their paired adjacent normal tissues, and normal
control livers by MALDI-TOF MS. The samples that
showed aberrant methylation were analyzed again by
pyrosequencing to confirm the result. These two methods
are the most reliable methods of methylation analysis at
present [10,15,16]. First, we analyzed the methylation level
of these regions in two normal livers, i.e. CL7 and CBD1,
by MALDI-TOF MS (Additional file 2: Figure S1). A total
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of 20 DMRs showed almost 50% methylation, however,
8 DMRs (IGF2R-DMR?2, IGF2-DMRO, IGF2-DMR?2, 1G-
DMR-CG4, IG-DMR-CG6, TCEB3C-DMR, USP29-DMR,
and NNAT-DMR) showed mostly full methylation, and
5 DMRs (TP73-DMR, SPTBNI-DMR, WTI-AS-DMR,
DLKI-DMR, and GNASXL-DMR) showed mostly no
methylation. It is highly possible that these regions
were not differentially methylated in the normal liver,
probably due to tissue-specific and/or age-related features
of differential methylation, because most of the regions
were also analyzed by pyrosequencing and their methyla-
tion statuses were confirmed (Additional file 2: Figure S1).

Next, we screened the methylation status of the 33
DMRs in 12 hepatoblastomas and their paired adjacent
normal liver tissue by MALDI-TOF MS. We found
aberrant methylation in tumors and also in adjacent
liver tissue by comparing the methylation between
tumors and normal controls (TxC), tumors and adjacent
liver tissue (TxA), and adjacent liver tissue and normal
controls (AxC). The definition of aberrant methylation is
described in the Methods section. After excluding samples
harboring chromosomal abnormalities as described later,
we confirmed the aberrant methylation using pyrose-
quencing, except in the case of H19-DMR (representative
data is shown in Figure 1 and all data in Additional file 3:
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Figure S2). Additional normal control liver, CL16, was
used in pyrosequencing analyses. The methylation status
of H19-DMR was analyzed by hot-stop combined bisulfite
restriction analysis (COBRA) [17] or bisulfite sequencing
because of the difficulty in the primer-design for pyrose-
quencing (Additional file 4: Figure S3).

In order to exclude aberrantly methylated DMRs, as
associated with chromosome abnormalities, such as UPD
or copy number abnormality, DNA polymorphism analyses
using microsatellites and SNPs were performed on all
regions showing aberrant methylation in the MALDI-TOF
MS analyses. We found seven genetic alterations in four
tumors resulting in aberrant methylation: abnormal allelic
copy number of 11p13-p15.5 in HBO1, 20q11-ql3 in
HBO5, and 19q13 and 20q13 in HB11; LOH of 7q32.2
and 11pl15.5 in HBI11; and paternal UPD of 11p13-
pl15.5 in BWS109 (Figure 2). We speculated the allelic
imbalance statuses of these loci according to the results
of MALDI-TOF MS analysis and DNA polymorphism
analysis (Additional file 5: Figure S4). HBO1 would harbor
more paternal copies than the maternal copies in 11p13-
p15.5. An abnormal allelic copy number of 20qi1-q13
in HBO5 would represent a higher copy number in the
maternal allele than the paternal allele. HB11 would
have more maternal copies of 19q13 and more paternal
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Figure 1 Representative results of methylation analyses by MALDI-TOF MS and pyrosequencing. (A and B) Representative samples of
aberrant hypomethylation. K“ODMR1 of HB08 and PEG10 of HB11 are shown. K"DMR1 was hypomethylated in both adjacent normal liver and
tumor tissues, whereas PEGT0-DMR was hypomethylated only in tumor tissue. (C and D) Representative samples of aberrant hypermethylation.
INPP5Fv2-DMR in HBOS and RBT-DMR in HB11 are shown. Only tumors showed hypermethylation at these DMRs. Aberrant methylation of a DMR
was defined as when more than 60% of total CpG units or CpG sites were aberrantly methylated. Aberrant methylation of a CpG unit or CpG site
was defined as occurring when the difference of its methylation indexes in two samples exceeded 0.15. The vertical axis represents the
methylation index; the horizontal axis represents CpG units (MALDI-TOF MS) or CpG sites (pyrosequencing) analyzed. Green line: average of
normal control livers; blue line: adjacent normal liver; red line: tumor (hepatoblastoma).
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Figure 2 Aberrant methylations and genetic alterations of 33 imprinted DMRs in 12 hepatoblastomas. Aberrant hypomethylation and
aberrant hypermethylation found in each comparison are indicated by blue and red boxes, respectively. Aberrant methylation was identified by
comparing adjacent normal liver tissue with normal control livers: AxC; tumors compared with normal control livers: TxC; and tumors compared
with adjacent normal livers: TxA. The classes of these DMRs in previous reports are shown in Pat/Mat and Gametic/Somatic rows. ZDBF2-DMR was
tentatively assigned as a somatic DMR based on experiments from mice [35]. MALDI-TOF MS revealed that 13 DMRs, such as TP73-DMR, SPTBNT-DMR,
IGF2R-DMR2, IGF2-DMRO, IGF2-DMR2, WTT-AS-DMR, DLK1-DMR, IG-DMR-CG4, 1G-DMR-CG6, TCEB3C-DMR, USP29-DMR, NNAT-DMR, and GNASXL-DMR did

L heterozygosity; UPD: paternal uniparental disomy; DD: difficult to decide.

not show differential methylation in control livers. Most of these methylation statuses were confirmed by pyrosequencing analysis. Mat: maternally
methylated DMR; Pat: paternally methylated DMR; gametic: gametic DMR; somatic: somatic DMR. ACN: abnormal copy number; LOH: loss of

copies of 20q13. LOH of 7¢32.2 and 11p15.5 would have
occurred due to a paternal deletion and a maternal dele-
tion, respectively. The paternal UPD was confirmed using
the parents’ DNA (Additional file 5: Figure S4). The extent
of the UPD was found to be at 11p11.2—pter by a SNP
array analysis (data not shown).

The following results described are shown in Figure 2.
All tumors carried aberrant methylation in at least one
DMR. HBO05 carried aberrant methylations at 8 DMRs,
the highest number of aberrant methylations, whereas
HBO03 and HBO8 carried aberrant methylations at only
one DMR, MCTS2-DMR and KvDMRI1, respectively. A
total of 18 of 33 DMRs showed aberrant methylation,
whereas 15 DMRs did not show such features in any
tumors. There was large deviation in the incidence of
aberrant methylation among the DMRs. KvDMR1 and
IGF2-DMRO were the most frequently hypomethylated

DMRs in 3 of 9 tumors. The most frequently hypermethy-
lated DMR was INPP5Fv2-DMR, which occurred in 7
of 12 samples. RBI-DMR was also hypermethylated
with a high frequency, which occurred in 5 of 12 samples.
In addition, GNASXL-DMR was hypermethylated in 4
of 10 samples. The following DMRs showed aberrant
methylation in only one tumor: ARHI-CG1, NAPILS5-
DMR, PEGI0-DMR, H19 promoter, WT1-AS-DMR, MEG3-
CG7-DMR, MCTS2-DMR, NESP-DMR, and GNASIA-
DMR.

Two chromosomal loci, 11p15.5 and 20q13.32, showed
high frequencies of genetic and epigenetic alterations at
10 of 12 and 7 of 12, respectively. In the 11p15.5 locus,
seven tumors carried the aberrant methylation and three
samples carried genetic alterations. In the 20q13.32
locus, five tumors carried aberrant methylation and two
carried an abnormal allelic copy number.
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Comparisons of aberrantly methylated DMRs

We compared the numbers of aberrantly hypomethylated
and hypermethylated DMRs in three pairs of the sample
groups (Figure 3A). We excluded the DMRs harboring
UPD or copy number abnormalities for the statistical
analyses. Comparing adjacent normal liver tissues (A) and
control livers (C), herein denoted as AxC, only hypome-
thylation was observed in adjacent normal liver tissue
(p =0.031). In the TxC comparison, both hypermethylation
and hypomethylation were observed in tumors (no signifi-
cant difference). In the TxA comparison, hypermethylation
was observed more frequently than hypomethylation with
statistical significance (p =0.013). In addition, the number
of hypomethylated DMRs in tumors was higher than
that of adjacent normal liver tissue (p = 0.040), although
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Bonferroni correction did not show statistical significance
of the difference with a significance level of 0.05/3 (ap-
proximately 0.0167). These results suggested a possibility
that hypomethylation occurred at certain DMRs in
adjacent normal liver tissue prior to tumor development,
whereas hypermethylation occurred only within the tumor
tissue itself.

We further compared the frequencies of aberrant methy-
lation between paternally methylated DMRs and maternally
methylated DMRs. As for hypomethylation, there was no
significant difference between the two kinds of DMRs in
each comparison (Figure 3B, left panel). In contrast, hyper-
methylation, which was observed only in tumors, tended to
occur more frequently at maternally methylated DMRs
than paternally methylated DMRs in the TxC comparison
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Figure 3 Comparison of aberrant methylations of DMRs in hepatoblastoma. (A) Comparison of the numbers of aberrantly hypomethylated
(blue bars) and hypermethylated (red bars) DMRs. Hypomethylation, but not hypermethlation, was observed in adjacent normal tissues.
Hypermethylation was observed more frequently than hypomethylation in tumors compared to adjacent normal tissues. (B) Comparison of the
frequencies of aberrant methylations between the paternally methylated DMRs (black bars) and the maternally methylated DMRs (white bars).
Left and right panels indicate hypomethylation and hypermethylation, respectively. There was no significant difference in both hypomethylation and
hypermethylation. (C) Comparison of the frequencies of aberrant methylations between gametic DMRs (yellow bars) and somatic DMRs (green bars).
Left and right panels indicate hypomethylation and hypermethylation, respectively. Hypermethylation was observed more frequently at gametic DMRs
with statistically significant difference in tumors compared to control livers. The frequencies were compared in (B) and (C) because of the difference in
the total numbers of DMRs in the two categories compared; that is, the paternal and the maternal DMRs or the gametic and the somatic DMRs. The
asterisks indicated significant difference. The p values are shown above the comparisons. b: binomial test, ¢: chi squared test.
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(p =0.060) (Figure 3B, right panel). We also compared
the frequencies of aberrant methylation between gametic
DMRs and somatic DMRs. No significant difference in
hypomethylation was found between the two kinds of
DMRs in each comparison (Figure 3C, left panel). In
contrast to hypomethylation, hypermethylation occurred at
gametic DMRs more frequently with statistical significance
(p =0.043) (Figure 3C, right panel). This difference was
mainly due to the frequent occurrence of hypermethylation
at three maternally methylated and gametic DMRs,
such as INPP5Fv2-DMR, RB1-DMR, and GNASXL-DMR
(Figure 2).

Methylation status of LINE-1 in hepatoblastoma

We analyzed the methylation status of LINE-1 in all
samples by pyrosequencing to assess the genome-wide
methylation level. LINE-1 is a human repetitive element
and constitutes approximately 30% of the human genome
[18]. Its methylation status has been used as a surrogate
marker for genome-wide DNA hypomethylation in many
cancers [19,20]. We analyzed the methylation of four CpG
sites in a LINE-1 sequence that were hypomethylated in
cancers [21,22]. We compared the methylation levels of
each CpG site among the three groups using Bonferroni
correction with significance level of 0.0167 (Figure 4).
Tumors showed slight hypomethylation only at CpG1
among four CpGs (p =0.015 in TxA). However, other
CpG sites did not show hypomethylation although bare
hypermethylations (less than 2.5%) was found only in
adjacent normal liver tissues at CpG2 (p =0.001 in AxC
and p =0.010 in AXT). These results suggested that the
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genome-wide methylation levels were almost same among
three sample groups.

Discussion
In this study, we found many imprinted DMRs methylated
aberrantly in hepatoblastomas and paired adjacent normal
liver tissue. An important finding was that the aberrant
hypomethylation occurred not only in tumor tissue but also
in adjacent normal liver tissue. One possible explanation
is that the occurrence of the aberrant hypomethylation at
certain DMRs may be a very early and specific event prior
to tumor development, although there is another possibility
that the tumor may induce methylation changes in the
adjacent tissues. Okamoto et al. have previously reported a
similar phenomenon with respect to aberrant hyperme-
thylation of H19-DMR that was frequently found in
normal tissues adjacent to Wilms’ tumors, which carried
the same aberrant methylation [23]. Based on the results,
it was hypothesized that the preceding aberrant methyla-
tion may be a constitutional aberration in the onset of
embryonal tumors. In contrast to the hypomethylation,
the aberrant hypermethylation of the DMR occurred only
in tumors. These results indicated that the hypermethyla-
tion of the DMRs, especially for INPPSFv2-DMR, RBI-
DMR, and GNASXL-DMR, was a specific event for tumor
development; this suggested that the pre-cancerous cells
did not carry hypermethylation at the DMRs, but acquired
the aberrant methylation during tumor development.

We also analyzed the genome-wide methylation level,
represented by LINE-1 methylation, and we did not
find large difference among three sample groups as a
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Figure 4 Methylation status of LINE-1. Methylation levels of four successive CpG sites in LINE-1 were analyzed in hepatoblastomas (1), paired
adjacent normal liver tissues (A), and three normal control livers (C) by pyrosequencing. The normal controls were analyzed in triplicate and the
average values were plotted with standard deviations. The average values of methylation (%) are shown for each sample groups. The asterisks
indicated significant differences (p < 0.0167). Bonfferoni correction was applied for this statistical analysis.
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whole. LINE-1 is usually hypomethylated in many adult
tumors, and its methylation level correlates with clinico-
pathological features of the tumors [19]. The different
situation concerning LINE-1 methylation between hepato-
blastoma and adult tumors may reflect a different mech-
anism of tumorigenesis in embryonal tumors as compared
to adult tumors.

Hypermethylation in tumors was frequently observed at
three DMRs, INPPF5v2-DMR, RB1I-DMR, and GNASXL-
DMR. INPPF5v2-DMR controls the expression of INPPSF
transcript variant 2, which encodes a protein of an
unknown function [24,25]. RBI-DMR, located in intron 2
of the RBI gene, leads to maternal expression of transcript
variants from exon 2B with very low expression in
normal tissues [26]. The function of the variants in cell
proliferation is not known. Thus, the effect of these
hypermethylated DMRs on tumorigenesis would be
little or unknown. GNASXL-DMR is associated with
the paternal expression of GNASXL, which encodes a
protein involved in signal transduction [27-29]. The DMR
was shown to be mostly unmethylated in control livers
(Additional file 2: Figure S1). Thus, hypermethylation of
GNASXL-DMR would reduce expression of GNASXL.
Unfortunately, the expression of genes linked to aberrantly
methylated DMRs could not be analyzed due to poor RNA
quality, which was probably due to effects of chemotherapy
and a limited amount of samples. Therefore, we could
not assess the involvement of hypermethylation in tumori-
genesis of hepatoblastoma.

Another important finding was the frequent occurrence
of both genetic and epigenetic alterations at the two
chromosomal loci, 11p15.5 and 20q13.3. The 11p15.5 locus
is a well-known imprinted locus responsible for BWS, a
tumor-predisposing imprinting disorder. The locus was
found to be altered genetically and/or epigenetically in
10 of 12 tumors. Hypermethylation at H19-DMR and
hypomethylation at JGF2-DMRO associated with biallelic
expression of /GF2 were reported in adult and embryo-
logical tumors, including hepatoblastoma [6,7]. Hyper-
methylation at H19-DMR and the HI19 promoter also
reduced the expression of H19 in Wilms’ tumor [30,31].
In addition to epigenetic alterations, genetic alterations,
such as the amplification of paternal alleles leading to
overexpression of IGF2 and LOH of the maternal allele
leading to reduced expression of H19, were observed in
sporadic Wilms’ tumors [32,33]. In this study, in addition
to the hypermethylations at H19-DMR and the HI19
promoter in two tumors, hypomethylation at IGF2-
DMRO occurred in another two adjacent normal liver
tissues. Further, abnormal allelic copy number, paternal
UPD, and maternal LOH of 11pl5.5 were observed.
The overexpression of IGF2 and the reduced expression
of HI19 would play an important role in tumorigenesis
of hepatoblastoma.
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The 20q13.3 locus was also altered genetically and/or
epigenetically in 7 of 12 tumors. This locus is responsible
for pseudohypoparathyroidism, a condition in which patho-
genesis is attributed to the tissue specific imprinting of Gsa,
for example, which occurs in the proximal renal tubule. On
the other hand, an extra copy of chromosome 20 has been
known to be the most recurrent cytogenetic alteration in
hepatoblastoma [2,34]. We found copy number differences
of the alleles in this region, suggesting the existence of
non-imprinted oncogenic gene(s) in this region.

Many epigenetic and genetic alterations were found at
the loci linked to the 33 imprinted DMRs in 12 hepato-
blastomas. However, since sample numbers in this study
were small, more hepatoblastoma samples should be
analyzed to confirm the present data and to evaluate
the precise role of these alterations in tumorigenesis in
addition to assessing their usefulness as markers for
clinical characteristics, such as stage classification, response
to chemotherapy, and prognosis. Also needed are the
expression analyses of the genes linked to aberrantly
methylated DMRs to assess their role in tumor develop-
ment, although it is very difficult to obtain hepatoblastoma
samples without any chemotherapeutic history.

Conclusions

We found epigenetic and genetic characteristics of
hepatoblastoma by comprehensive epigenetic and gen-
etic analyses of 33 DMRs linked to imprinting loci in
12 hepatoblastoma samples and their adjacent normal
liver tissues. These included aberrant hypomethylation in
adjacent normal liver tissue, tumor-specific hypermethyla-
tion, and the frequent occurrence of both genetic and
epigenetic alterations at 11p15.5 and 20q13.3 loci. Further
studies using more hepatoblastoma samples are needed to
confirm the present results and evaluate their roles in the
tumor development.

Additional files

-
Additional file 1: Table S1. Primers used for this study.

Additional file 2: Figure S1. Maps of DMRs analyzed in this study and
their methylation status in normal control livers. Upper part; The arrow
represents the position and the direction of the transcription start site
(TSS). P: promoter; Cen: centromere; Tel: telomere; yellow box (CGl): CpG
island; orange boxes (M): CpG sites analyzed by MALDI-TOF MS; green
boxes (P): CpG sites analyzed by pyrosequencing. Numbers with diagonal
lines indicate CpG units (MALDI-TOF MS) or CpG sites (pyrosequencing),
which could not be analyzed. Figures are not drawn to scale. Lower part;
Results of MALDI-TOF MS and pyrosequencing are shown. In methylation
graphs, the vertical axis represents the methylation index (0: no methyla-
tion; 1: full methylation). The horizontal axis represents CpG units or CpG
sites. CL7 was analyzed in duplicate by MALDI-TOF MS analysis. Blue and
red lines: CL7; green line: CBD1; dark grey line: CL16.

Additional file 3: Figure S2. Methylation data of the aberrantly
methylated DMRs in hepatoblastomas. The results of MALDI-TOF MS
(left panel) and pyrosequencing (right panel) are shown. The vertical axis
represents the methylation index (0-1); the horizontal axis represents
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CpG units (MALDI-TOF MS) or CpG sites (pyrosequencing). Green line:
average of control livers; blue line: adjacent normal liver; red line:
tumor (hepatoblastoma).

Additional file 4: Figure S3. Methylation status of H19-DMR as
determined by bisulphite cloning sequencing and hot-stop COBRA. (A)
Bisulphite sequencing of HBO5, which was heterozygous for rs2071094.
Filled circle: methylated CpG site; open circle: unmethylated CpG site.
1s2071094: single nucleotide polymorphisms (A/T). CTCF6: CTCF binding
site 6. Tagl: Tag! site used for hot-stop COBRA. (B) Hot-stop COBRA. End-
labeled PCR products were obtained by PCR with *2P labeled reverse primer
in the final amplification cycle. The PCR products were digested with Tagl
overnight and then electrophoresed. Band intensities were quantitated
using the FLA-7000 fluoro-image analyzer (Fujifilm, Japan). un: unmethylated
control DNA; me: fully methylated control DNA.

Additional file 5: Figure $4. Genetic alterations in hepatoblastoma. (A)
Map of 11p15-p13 is shown uppermost. Black box: microsatellite marker;
white box: DMR analyzed. Tel: telomere; Cen: centromere. Figure is not drawn
1o scale. Below the map, the representative data of the methylation analyses
and microsatellite analyses are shown for three hepatoblastomas. For HBO1
tumor, a high paternal copy number was estimated because of the hyperme-
thylation at the paternally methylated H19-DMR and the hypomethylation at
the maternally methylated KVDMR1. LOH in HB11 tumor was indicated by the
near loss of one of two alleles, The maternal allele could have been lost
because of hypermethylation at H19-DMR and hypomethylation at KVDMR1.
The deviation of the allelic ratio in adjacent normal liver and tumor tissue
indicates paternal UPD mosaicism in BWS109, whereas the allelic ratios in the
parental blood were approximately 1. The level of mosaicism was higher in
tumor than in adjacent normal liver tissue. In tumor samples, the value of the
higher peak was divided by that of the lower peak. In adjacent normal liver
and parental samples, the ratios were calculated following the pattern in their
related tumor. () LOH of 732 in HB11 tumor was indicated. Because of the
hypermethydation at the maternally methylated MEST-DMR, the paternal allele
would have been lost, (C) Higher maternal copy number of 19g13 were
suggested in HB11 tumor, based on the allelic ratio of D195589 and the
hypermethyiation at the maternally methylated PEG3-DMR. (D) Allelic copies of
20q11-g13 in HBO5 and HB11 tumors were suggested to be abnormal by the
allelic ratios of D205438 and D205158. Based on the abnormal methylations at
the paternally methylated NESP-DMVR, HBO5 turmor would carry more maternal
copies than paternal copies of the locus, whereas in HB11 tumor, the paternal
allelic copy number would be higher. (PDF 584 kb)
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Introduction

Studies on the regulation of transcriptional memory are
challenging. Conceptually, the regulation consists of two phases:
establishment and maintenance. Molecular mechanisms for the
maintenance of the memory are relatively well understood
compared with those for the establishment of memory. Indeed,
how the establishment of transcriptional activation occurs is
largely unknown because it has been difficult to distinguish
mechanisms for establishment from those for maintenance,
presumably due to functional redundancies and spatial and
temporal overlap between them. Moreover, if transient regula-
tion is involved during the establishment phase, it is extremely

PLOS Genetics | www.plosgenetics.org

difficult to tease apart and analyze the respective underlying
mechanisms.

For the establishment of transcriptional activation of develop-
mentally regulated genes in stem cells, we know that the poised
RNAPII should be released from pausing in the promoter-
proximal coding region, as occurs in response to various
microenvironmental cues [1], and that the associated chromatin
should be kept competent for transcription by RNAPII throughout
a coding region. P-TEFb, a cyclin-dependent kinase complex,
plays a pivotal role in the RNAPII pause release by alleviating the
repressive effects of DRB sensitivity-inducing factor (DSIF) and
negative elongation factor (NELF), and by phosphorylating the
Ser? residue of the carboxyl-terminal domain of RNAPII [2-5]. In
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addition to recruitment of P-TEFb, it has been proposed that
recruitment of a certain chromatin remodeling factor is also
crucial to the release of paused RNAPII [3], which appears to be
situated adjacent to the first nucleosome downstream of the
transcription start site [6]. Thus, it seems that at least two
independent mechanisms are required to trigger productive
transcriptional elongation. It is conceivable that these mechanisms
are engaged throughout the coding region to maintain active gene
expression. In addition, the activation of Polycomb group-target
genes further requires several counteracting mechanisms against
the Polycomb repressive complexes (PRCs) [7]. However, these
mechanisms  underlying the establishment of transcriptional
memory and how these mechanisms are orchestrated remain
elusive.

Ashll is the mammalian ecquivalent of the Drosophila Ashl
protein. Although Ashl is one of the first identified members of the
trithorax group proteins [7], both the Ashl- and Ashll-containing
complexes remain uncharacterized. Both Ashl and Ashll are
localized in chromatin and have been identified specifically in
promoter-proximal coding regions of a number of active genes
[8,9], suggesting a role during an early step of transcriptional
elongation. Additionally, artificial tethering of Ashl to chromatin
containing a reporter gene results in gene activation in a SET
domain-dependent manner [10]. These results suggest that Ash1 is
an epigenetic activator found in an “ON” state of target genes,
although the underlying mechanism of its action remains
unknown.

Like a number of SET domain-containing proteins, both Ashl
and Ashll possess histone lysine methyltransferase activity.
However, it is currently controversial as to which lysine residue
is targeted o vivo, although recent reports have suggested that Lys4
and Lys36 of histone H3 are the most plausible candidates [8-11].
So far, Lys4 is widely believed as a target residue due to several
lines of in vivo evidence [8-10], compared with only one for Lys36
[12]. It is consistent with the activator function of Ash1 [10], while
Lys36 methylation (Lys36me) has been shown to occur as a
consequence of transcription [13-15]. However, it should be noted
that an analysis of the enzymatic activities of Ashl and Ash11 i vivo
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has been difficult due to their physical and functional interactions
with other enzymes that methylate Lys4 [16,17] and also due to
the redundancy of enzymes methylating Lys36, such as Setd2,
Nsdl, Nsd2 and Nsd3 in mammals. Moreover, expression of the
full-length recombinant Ashll and detection of the endogenous
Ashll by immunoblot has been as yet unsuccessful, therehy
making analyses more challenging.

To elucidate the molecular mechanism of the Ashll-mediated
establishment of gene expression, we developed a knock-in allele
expressing mutant of Ashll without part of the SET domain.
Using the mutant ES cells, we show that Ash1l methylates Lys36 of
histone H3 both @ witro and in vive. Importantly, using DRB, a P-
TEFb kinase inhibitor that blocks productive transcriptional
clongation, we show that the methylation by Ashll and its effect
on PRC exclusion occur independently of productive transcrip-
tional elongation. In particular, an accumulation of Lys36me3 in
RAR-associated genes independent of transcriptional elongation
implicates a certain special function for establishing transcriptional
activation of Polycomb group-target genes. Moreover, the broad
chromatin domains carrying Lys36me were co-regulated with the
Tip60 or Mof complexes in a region-dependent manner, which in
turn acetylate the Lys16 of histone H4. We further investigated a
mechanism for the promotion of gene expression by Ashll, and
found an Ashll-dependent association with Brgl, another
founding member of the trithorax group proteins. These
molecular data in ES cells are supported by expression patterns
of Hox genes and skeletal phenotypes in Ashl1l mutant mice. Thus,
through genetic and biochemical analyses of Ashll, we have
clucidated a novel cascade of interplays from Ash1l to Brgl, which
ultimately promotes chromatin reprogramming that counteracts
Polycomb silencing.

Results

Ash1l knock-in mutant ES cells demonstrate impaired
retinoic acid response

To explore a function of the methyltransferase activity of
mammalian Ashll, we generated knock-in mice and ES cells
expressing mutant Ashll containing a short in-frame deletion
within the AWS-SET domain (represented by ASET, Figure 1A).
Mouse Ashll mRNA was ubiquitously expressed in embryos, while
it was relatively enriched in the adult brain (Figures S1A, S1B and
data not shown). Expression of Ash/] mRNA was not affected in
ASET embryos and ES cells (Figures 1B and 1C). Homozygotes
were viable and fertile (Table S1).

Since Ashll is a member of the trithorax group proteins that
regulate transcriptional activation of Hox genes, and retinoic acid
(RA) is known to induce expression of Hox genes in ES cells, a role
for Ashll methyltransferase activity in RA-induced Hox gene
expression was investigated in differentiating ES cells. A culture
protocol is shown in Figure 1D. Here, we analyzed representative
RA-responsive Hox genes, Hoxb4, and Hoxd4. Using a series of RA
concentrations, we found that expression levels of Hoxb4 and
Hoxd4 mRNAs were reduced in ASET ES cells (Figure 1E).
Specifically, the threshold concentration of RA required to trigger
the Hoxd4 mRINA expression was significantly increased in ASET
ES cells compared with that in wild-type cells (Figure IF).
Moreover, the activation of the Hoxd4 mRINA expression was
relatively slow in ASET ES cells (Figure 1G). These results indicate
that the methyltransferase activity of Ashll is necessary for an
appropriate response to RA.

We further performed gene expression analyses of RA-treated
differentiating ES cells by RNA-sequencing (RNA-Seq) to
determine if RA-responsive genes were generally affected in
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Anti-Polycomb Silencing Mechanisms by Ash1l

Hoxd4 mRNA

V@@)
RN
b 4}

Ash1igene AWS-SET domain 10 kbp ég\ %4} & & 80
exon 1 11 > 28 BIR U O\ R S 501
1 ¥ 1 dodl AL ‘\> ? B> ﬁ
— el TR A
,,,' “\\ =4 ; 30 4
-7 A s & 201
- S z3
-7 BamHI S 58 10
Wild-type - e % - o
N S
Sphl BamHi Sphl Spel \)((\x Q@x \&@0 \&Q
Targeted . i i . D &
) ThNeo’ ) 1Pceliskdsh 1RA 2¥RA Analysis RA concentration
A i i!oxP
oA xCre } [} ] ]
\ FRT pDay 1} Day2 } pay3 ! pay4 G
Mutated {ASET) = } } — _ Hoxdd mRNA
I Lo i 1 T ' 235
+ b 4 > wr
= b D e
B exon 10 11 14 E Widtype _ ASET -
. = ———— S———————— ? 2L 25 4
Wild-type . : £% "
N 1
> 4 35 2 3 g 15 -
SET flank_F', | SET flank R \__,%_____ gz
N ,’ 85 10 1
C , » < g
2 - Ab3_F Ab3_R

ASET

SET flank F  SET_flank_R

L=
"

0 8

16 24 32
Hours after induction

Figure 1. Basic characterization of Ash1l mutant ES cells and Hox gene expression in response to RA. (A) Schematic representation of
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doi:10.1371/journal.pgen.1003897.g001

ASET ES cells. Among 14,255 annotated génes, there were 543
genes that were highly up-regulated by RA treatment (more than
5-fold). Among those 543 genes, we found 152 genes (28.0%) in
ASET ES cells showing impaired responses to RA (more than 2-
fold decrease compared with wild-type cells, Figure 2A and Table
S2), in which several Wnt and Hox family genes appeared to be
affected (Figure S2). As expected, gene ontology analysis of the 152
genes revealed that biological functions of Ashll were highly
related to body pattern formation during development (Figure 2B).

The status of chromatin signatures in ES cells can be classified
in terms of the presence of Lys4me3 or Lys27me3 in histone H3
polypeptides: Lys4me alone, Bivalent (positive for both Lys4me3
and Lys27me3), Lys27me alone and None (negative for both
Lys4me3 and Lys27me3) [18]. Interestingly, the 152 RA-
responsive and ASET-impaired genes were significantly enriched
in a group positive for Lys27me3 (Figure 2C) and further enriched
especially in the Bivalent gene group (Figure 2D), suggesting that
the methyltransferase activity of Ashll counteracts Polycomb
silencing upon activation of developmentally regulated genes.
Chromatin immunoprecipitation-sequencing (ChIP-Seq) analysis
revealed that Ashll was present in more than 30% of those
affected genes (Figure 2E).

RNA-Seq analysis of undifferentiated ES cells showed that
expression levels of a majority of marker genes, including core
stem cell markers, were unchanged, while some endoderm
markers were moderately up-regulated in ASET ES cells (Figure
S3A). RA treatment of ES cells further enhanced the up-regulation
(Figure S3B}. Comprehensive analysis of RNA expression levels
of 14,255 annotated genes revealed that 57 genes were
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down-regulated more than 2-fold in undifferentiated ASET ES
cells, while 59 genes were up-regulated (Table S3). Several
microRNAs and Snord family genes were highly dys-regulated in
ASET ES cells, although the impact of the methyltransferase
activity of Ashll on these genes i viwo rémains unclear. While this
manuscript was under preparation, a report describing the
methyltransferase activity of Ashll for Hox gene repression was
published online [19]. Reason for discrepancy between our results
and theirs is currently unknown. However, conditions of basic
materials and methods may affect each result: knock-in mutant ES

cells and mice for ours, exogenous transient over-expression in
K562 cells for theirs.

Ash1l methylates Lys36 of histone H3 in vitro

To elucidate an underlying mechanism involved in the
regulation of gene expression by Ashll, we examined the
biochemical activity of Ashll i witro. We employed a bacterially
expressed GST-fusion Ashll protein (Figure 3A) since it has no
associated protein that methylates histone polypeptides. As shown
in Figure 3B, wild-type Ashll (NF-WT) methylated histone H3 in
nucleosomes, but did not methylate free histone octamers or (H3-
H4), tetramers bound to DNA. Addition of H2A-H2B dimers to
the (H3-H4), tetramers on DNA in the reaction mixture failed to
replicate the methylation activity [K.N. unpublished observation],
and an amino acid substitution within the core catalytic part of the
SET domain (NF-H2213K) abolished it. Additionally, wild-type
Ashl1l methylated wild-type histone H3 and its Lys4-to-Ala (K4A)
mutant to a similar extent, but not its Lys36-to-Ala (K36A) mutant
(Figure 3C). These results clearly indicate that Ashll specifically
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transformation). The encircled area was enriched for some Hox and Wnt family genes (arrows, see also Figure S2). (B) Gene ontology analysis of ASET-
impaired 152 genes. A subset of RA-responsive genes demonstrating a greater-than-2-fold decrease in the modified FPKM values in differentiating
ASET ES cells was analyzed. Gene enrichment P-values were calculated by Chi-square test. The numbers of genes in each group are shown in
parentheses. (C) Bar chart showing relative ratios of the numbers of genes carrying trimethylation of Lys27 [18], a hallmark of the Polycomb-regulated
genes. Genes showing a difference greater than 2-fold were analyzed (up- or down-regulated). In addition, RA-responsive genes in the down-
regulated genes were further extracted and analyzed [the last group, same as in (B)]. Chi-square testing was used for calculation of P-values against
the total gene set, *P<<0.001. The numbers of genes in each group are shown in the table below. (D) Radar chart showing relative ratio of status of
chromatin signatures for indicated gene group as in (C). (E) Venn diagram showing the relationship between Ash1i-target genes and ASET-affected

genes. The numbers of genes in each compartment are shown. The total number of annotated genes analyzed was 18,724.

doi:10.1371/journal.pgen.1003897.g002

methylates Lys36 of histone H3 and presumably recognizes the
preinstalled H2A-H2B dimer in a nucleosome to target Lys36.
Furthermore, recombinant Ashll carrying a deletion at the N-
terminal flanking region of the AWS domain (ANF-WT) was
catalytically inactive, indicating that this region is necessary for
optimum methyltransferase activity.

Ash1l methylates Lys36 of histone H3 upon gene
activation

We next examined whether our @ witro results could be
recapitulated in an i vivo setting. Histone modification patterns
and Ashll occupancy in Hoxd4 in differentiating ES cells were
analyzed by ChIP assays. PCR primer-pairs were set as shown in
Figure 3D (Table S4 for sequences). A promoter-proximal coding
region of Gapdh was also investigated as a constitutively active
control. Hoxd4 chromatin has been reported to be bivalent in
undifferentiated ES cells [18]. Consistent with the report, even in
the absence of RA, peaks of histone H3 Lys4me2 and me3
(Lys4me2/3) were clearly detected in a promoter-proximal coding
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region of Hoxd4, while the levels of histone H3 Lys36me2 and me3
(Lys36me2/3) were rudimentary (Figure 3E). Surprisingly, Ashll
was clearly present in Hoxd4 even in the absence of RA (Figure 3E).
We also observed considerable amounts of Ashl1l in the promoter-
proximal coding region of Gapdh. However, we observed no
difference between wild-type and ASET ES cells in these ChIP
assays.

Following RA treatment, while the levels of Lys36me2/3 were
increased in Hoxd4 coding regions in wild-type cells, this was not
observed in ASET ES cells (Figure 3F). There was no significant
change in the levels of Lys4me2/3 of Hoxd4 in ASET ES cells. We
found that the levels of Ash1l in coding regions of Hoxd4 and Gapdh
were maintained after RA treatment. We observed no difference
in the levels of Ashll between wild-type and ASET ES cells. These
results indicate that Ashll specifically methylates Lys36 @ vivo, as
expected from our n witro results, and suggest that the enzymatic
activity of Ash1lis activated upon the addition of RA. Since Ashll
is a dimethylase [11], the observation that there was no increased
Lys36me3 in ASET ES cells may be a consequence of an impaired
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separated on a SDS-PAGE gel. Position of histone H3 in the autoradiogram is indicated in each assay (arrowheads). (D) Diagram of the Hoxd4 gene.
Black and grey boxes represent exons and a 3’ retinoic acid responsive element (RARE), respectively. Black bars under the diagram indicate the
regions analyzed by ChiP assays. TSS: transcription start site. (E and F) ChIP assays of various regions in differentiating ES cells before (E) or after (F) RA
treatment (see the culture protocol shown in Figure 1D). The results are represented as mean values relative to input (% input). Error bars represent
s.d. (Student’s t-test, *P<<0.05). The antibodies used are indicated above each graph. Broken lines indicate approximate levels of ChIP signals in the

l12ra promoter as a control.
doi:10.1371/journal.pgen.1003897.g003

Lys36me2-platform that is required as a substrate for a certain
trimethylase.

Lys36me occurs independently of RNAPII Ser2p

Based on several studies conducted in yeast, the presence of
Lys36me in a coding region is widely believed to be a consequence
of transcriptional elongation [13-15] and to function to recruit the
histone deacetylase complex {20,21]. However, our results
suggested a novel hypothesis: Lys36me by Ashll in a coding
region occurs during the establishment of Hox gene activation to
promote a proper response to RA (see Figures 1F and 1G).
Therefore, in this case, the Lys36me should be independent of the
productive transcriptional elongation.

To test our hypothesis, we employed DRB, which reversibly
blocks productive transcriptional elongation by inhibiting the
kinase activity of P-TEFb. DRB artificially creates the poised
RNAPII, closely mimicking the promoter-proximally paused
RNAPII in a gene demonstrating bivalent chromatin in ES cells,
thereby manifesting intermediate steps for the establishment of
transcriptional activation. If Lys36me by Ashll is independent of
the RNAPII Ser2p or transcriptional elongation, then DRB would
not affect methylation levels. In the next experiments, DRB was
added to differentiating ES cells during RA treatment and ChIP
assays were performed. Two Ashll-associated genes were com-
pared: Hoxd4, representing a Polycomb group-target gene, and
Gapdh, a constitutively active gene.

As shown in Figure 4A, far from a decrease in the Lys36me
level, wild-type ES cells displayed a clear increase in Lys36me2/3
levels in the promoter-proximal coding region of Hoxd4 in
response to DRB. Interestingly, differences in the Lys36me2/3
levels between wild-type and ASET ES cells were more evident in
the presence of DRB. On the other hand, DRB also increased
the Lys36me2/3 levels in ASET ES cells, albeit to a lesser
extent [compare (—) and (+) in ASET], suggesting that some
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Lys36-methylases other than Ashll could be involved,
although the identity of the enzyme recruited to the region
has yet to be determined. In Gapdh, DRB increased Lys36me2
levels in wild-type cells, but DRB treatment resulted in a clear
decrease in Lys36me3 levels (Figure 4B), suggesting that DRB
specifically affected association of a certain trimethylase that
was recruited in a RNAPII Ser2p-dependent manner. Similar
results were obtained for Hoxb4 and Hprtl (Figure S4). These
results indicate that Lys36me2 by Ashll and other dimethy-
lases occurs independently of RNAPII Ser2p. However,
whether Lys36me3 occurs independently of RNAPII Ser2p
is gene-dependent.

Lys36me2 in a large number of regions occurs
independently of the Ser2-phosphorylation of RNAPII,

while Lys36me3 occurs in a context-dependent manner

Having established that Hoxd4 and Gapdh were DRB-responsive
genes in that Lys36me2(/3) was increased in response to DRB, we
analyzed if the observed response was applicable genome-wide.
First, immunoblot analyses for bulk Lys36me2 and Lys36me3
levels were performed (Figure 4C). In the presence of RA, we
found the bulk Lys36me2 levels in wild-type and ASET ES cells
were similarly increased in response to DRB, while those of
Lys36me3 were not, and instead decreased.

Next, we performed ChIP-Seq analyses to obtain genome-wide
profiles of Lys36me2/3 in response to DRB. Distributions of
Lys36me2/3 relative to a metagene show a clear difference
between Lys36me2 and me3 in response to DRB: Lys36me3 levels
were decreased in isolated, entire regions, while in contrast,
Lys36me?2 levels were increased in most of the regions (Figure 4D).
Thus, having observed that Lys36me3 of Hoxd4 was increased in
response to DRB, here we found that its genome-wide level
showed the opposite response, indicating that genes demonstrating
increased Lys36me3 levels in response to DRB were minorities.
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Figure 4. Lys36me2 occurs independently of the Ser2-phosphorylation of RNAPII, while Lys36me3 occurs in a context-dependent
manner. ChIP assays of differentiating ES cells either with (+) or without (—) DRB treatment. Promoter-proximal coding regions of either Hoxd4 (A) or
Gapdh (B) were analyzed. DRB was added during RA treatment, and then ES cells were cultured for another 16 hours. The antibodies used are
indicated above each graph. The results are represented as means and s.d. (Student’s t-test, *P<C0.05). Broken lines indicate approximate levels of
ChIP signals in either //2ra promoter as controls. (C) In the presence or absence of DRB, bulk histones in differentiating ES cells were analyzed by
immunoblot using the indicated antibodies. (D) Distributions of Lys36me2/3 ChIP-Seq read counts relative to a metagene in the presence or absence
of DRB. The y-axis corresponds to relative read counts to base-read counts (shown as log2 transformation). TSS: transcription start site, TES:
transcription end site. (E and F) Genomic profiles for Lys36me2/3, RAR, and Ash1l ChiP-Seq signals of numbers of genomic loci in differentiating ES
cells (10 nM RA treatment for 2 days). DRB was used during culturing of cells where indicated. The x-axis corresponds to genomic locations; the y-axis
corresponds to the normalized ChIP-Seq signal density. Representations of UCSC genes are shown on the bottom, in which Hox loci (E) and the other
representative loci (F) are shown. RAR ChIP-Seq datasets (GSE19409) [22] were downloaded from the NCBI Short Read Archive database. (G) Bar
charts showing relative ratios of the numbers of RAR-associated genes in indicated gene groups in differentiating ES cells. The gene groups are
classified according to fold change in Lys36me2/3 levels in response to DRB: Alog2 transformation of normalized reads/kb/million mapped (RPKM)
values of each gene in DRB (+) over those in (—). Total numbers of genes in each gene group are indicated on the right side of each graph. Chi-square
testing was used for calculation of P-values where indicated, *P<<0.001. (H) Distributions of Lys36me2/3 ChIP-Seq read counts relative to RAR binding

sites in ES cells in the presence or absence of DRB.
doi:10.1371/journal.pgen.1003897.g004

Figures 4E and 4F show profiles of the representative genomic
regions. In these genomic profiles, we found that the level of
Lys36me?2 in wild-type cells was generally unchanged in response
to DRB in a broad range of regions, or rather increased in some
parts, while that of Lys36me3 was decreased in most regions.
However, we also found that substantial levels of Lys36me3
remained in scattered regions, including some inter-genic regions.
Interestingly, quite a few such regions were found in the vicinity of
RAR binding sites [22], implicating a functional relationship
between Lys36me3 in response to DRB and RA signaling. Indeed,
the numbers of RAR-associated genes were significantly under-
represented in a gene group with decreased levels of Lys36me3 in
response to DRB (Figure 4G, ALog2<—0.6). Most strikingly,
RAR binding sites showed a major peak in the Lys36me3 ChIP-
Seq read density plot (Figure 4H). Additionally, in B16 cells, which
express Hoxd4 constitutively without the addition of RA, we
observed only a small increase in Lys36me3 levels in response to
DRB (Figure S35). These results further support our proposed
relationship. Taken together, our results indicate that Lys36me2
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by Ashl1l and other dimethylases occurs independently of RNAPII
Ser2p in a large number of genomic regions. However, whether
Lys36me3 occurs independently of RNAPII Ser2p is context-
dependent, and at least in a portion of genomic regions, RAR may
play a substantial role for maintaining Lys36me2/3 levels.

Lys36me occurs independently of productive
transcriptional elongation

In the above experiments, it is possible that past productive
transcriptional elongation had left unknown traces on the
transcribed chromatin, which in turn was targeted by several
Lys36-methylases including Ashll, although recruitment of the
methylases is independent of RNAPII Ser2p. Moreover, it remains
unclear whether the activation of the enzymatic activity of Ashll
requires the productive transcriptional elongation. Therefore, in
the next experiments, to block the productive transcriptional
elongation completely, we used DRB prior to administering RA.
Specifically, DRB was added 1 hour before the addition of RA,
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